The solubilization and delivery of lipids in plasma rely on both forms of apolipoprotein B (apo B): apo B-100 and apo B-48. Apo B-48 is the translational product of apo B-100 mRNA that undergoes peritranscriptional conversion of C-+U, replacing codon CAA (glntamine 2,153) with the infirame stop codon (UAA). We examined mRNA editing activity in the human and the rat by reverse transcriptionpolymerase chain reaction primer-extension analysis of intestine and liver total RNA. In rat intestine the percentage of apo B transcripts that undergo editing increases dramatically the day before birth (from -1% to 80%), whereas the rat liver acquires an adult level of editing activity during the third postnatal week (rising from -8% to 30%), when weaning is completed, bile acid composition matures, and plasma thyroid hormone levels peak. In contrast to the rat, the human intestine acquires adult levels of apo B mRNA editing relatively early in fetal development, rising from 10% at 10 weeks to -80% by the end of the second trimester. Our results establish that apo B mRNA editing is 1) developmentally regulated in a tissue-and species-specific manner; 2) fully developed prenatally in both human and rat intestine, suggesting a crucial role of apo B-48 in mammalian fetal adaptation to extrauterine life; and 3) acquired early in human fetal intestine, implying a potential role for apo B-48 in prenatal lipid metabolism. 1 In humans this large hydrophobic protein circulates in two forms: apo B-100 and apo B-48. In humans apo B-100 (Af r -512,000) is synthesized primarily by the liver, is the major lipoprotein in low density lipoproteins (LDLs), and functions as the ligand for the LDL receptor.
T he solubilization of dietary and endogenousry derived lipids in plasma and their subsequent delivery to peripheral tissues require apolipoprotein B (apo B). 1 In humans this large hydrophobic protein circulates in two forms: apo B-100 and apo B-48. In humans apo B-100 (Af r -512,000) is synthesized primarily by the liver, is the major lipoprotein in low density lipoproteins (LDLs), and functions as the ligand for the LDL receptor. 1 -2 Apo B-48 (M r -250,000) is synthesized and secreted by the mucosa of the small intestine and circulates in chylomicrons and very low density lipoproteins (VLDLs). 3 Apo B-48 is colinear with the amino terminus of apo B-100 and lacks the carboxy terminus requisite for binding to the LDL receptor. 4 These two proteins are the translational products of a single apo B gene, 3 * encoding apo B mRNA that undergoes transcriptional conversion of C->U, thereby replacing the codon CAA (glutamine [Gin] 2,153) with an inframe stop codon (UAA). 7 - 10 These proteins are synthesized in a tissue-and species-specific manner. In the human adult, both apo B-100 and apo B-48 are produced by the human small intestine, 11 while - 13 In contrast, in the rat apo B-48 is produced by the small intestine 14 -15 ; both apo B-48 and apo B-100, however, are synthesized by the rat liver. 17 ' 18 Several abnormal human apo B genes have been sequenced, and the protein products have been characterized, 19 - 24 providing preliminary insights into the structurefunction relations in apo B-mediated lipid transport. The regulation of apo B gene expression, however, is complex. Recent studies have suggested that the tissue-specific expression of the two proteins apo B-48 and apo B-100 is developmentally regulated in the rat intestine. 25 In this report we demonstrate that apo B RNA editing is developmentally regulated in the rat liver and intestine. In addition, we find that human apo B synthesis is also under developmental control. Fetal intestine at 11 weeks of gestation produces principally apo B-100-containing lipoproteins, which contrasts with the adult human intestine that secretes principally apo B-48. 1113 In this study we define the developmental profile of apo B mRNA editing in the human intestine from early gestation through infancy. Comparison of the ontogenetic profiles of human and rat intestine apo B mRNA editing suggests that this capacity emerges as the intestine histologically and biosyntheticaUy matures and that apo B-48 biosynthesis may have a role in human prenatal lipid metabolism.
Methods

Tissue Samples
Human fetal small intestines were obtained from spontaneous abortions at 10,11,12,14, and 17 weeks of gestation. Three-month-old neonatal small intestines were also obtained. All human tissue was obtained in accordance with both US Health and Human Services and Soviet Ministry of Health policies regarding human fetal research. All small intestine samples were homogenized whole in 4 M guanidinium thiocyanate and subsequently frozen in liquid nitrogen pending RNA isolation. Enterocytes from human postnatal small intestine obtained at autopsy were collected by mucosal scraping and were homogenized in a glassTeflon homogenizer in 4 M guanidinium thiocyanate. Liver and intestine were obtained from fetal and neonatal Sprague-Dawley rats at the following times after conception: 14, 21, 22 (birth), 29, 36, 43, 50, and 57 days. All tissues were stored in liquid nitrogen until RNA isolation was performed.
RNA Isolation and Analysis
Total RNAs were isolated using the guanidinium thiocyanate/CsCl method. 26 Total RNA from human small intestine (400 ng) and total RNA from rat liver and intestine (10 /ig) were incubated with 3 units deoxyribonuclease I (DNase I; Worthington Biochemical Corp., Freehold, N J.) in the presence of 80 units recombinant RNasin (rRNasin; Promega, Madison, Wis.) at 37°C for 1 hour, acid-phenol/chloroform-extracted, and then ethanol-precipitated. The samples were subsequently resuspended in 100 mM NaCl, 10 mM tris(hydroxymethyl)aminomethane (Tris) HC1, and 10 mM Mgd 2 (pH 7.3) and incubated with 4 units SauSAI (New England Biolabs, Beverly, Mass.) in the presence of 80 units rRNasin at 37°C for 1 hour. Samples were then phenol/chloroformextracted and ethanol-precipitated. To prepare cDNA, the human RNA samples were hybridized with 1.0 ^.g of one of the primers based on the human apo B cDNA sequence flanking the Gin/stop codon as follows: sense primer SO175 (5'-TATCTGAATTCATTCAATTGG-GAGAGACAAGTT-3') or antisense primer SO176 (5'-ATAATAGGATCCATAGCTATTTTCAAATCAT-GTA-3') at 70°C for 10 minutes in the presence of 0.1 M dithiothreitol, 80 units rRNasin, 150 mM deoxynucleotide 5'-triphosphates, 10 mM Tris HC1 (pH 83), 50 mM KC1, 1.5 mM MgCl 2 ,0.01% (wt/vol) gelatin, and water to a final volume of 100 yX. Under identical reaction conditions, the rat RNA samples were annealed to 1.0 fig of one of the primers based on the rat apo B cDNA sequence flanking the Gin/stop codon as follows: sense primer SO172 (5'-AGAGGATCCCTGAGCAGGCTTCCTC-AGCAG-3) or antisense primer SO173 (5'-TTAAAGCTTCAAT-GATTCTATC-AATAATCTG-3'). The hybridization mixtures were allowed to cool to 37°C, and then 40 units Moloney murine leukemia virus reverse transcriptase (RT; Pharmacia Fine Chemicals, Piscataway, NJ.) was added. Extension was performed at 37°C for 1 hour, followed by a 15-minute incubation at 70°C to inactivate the RT.
The resultant first-strand cDNA was amplified by the pofymerase chain reaction (PCR) 27 method, with Thermus aquaticus (Taq) DNA poh/merase and a PerkinElmer/Cetus DNA thermal cycler, using primer pairs SO175 and SO176 (human) and SO172 and SO173 (rat) as previously described. 16 A 5-/xl aliquot of each PCR product was electrophoresed through a 2% Nusieve (FMC Bio-Products)/1% agarose gel in 10 mM Tris, 10 mM borate, and 2 mM EDTA, pH 8.3 (Tris-borate-EDTA buffer [TBE]), followed by transfer to nitrocellulose filters by the method of Southern.
28 Hybridizations were performed using the oligonucleotide based on the human apo B cDNA sequence (annealing six nucleotides downstream from the Gin/stop codon) and designated 88PE (5'-TATCTTTAATATACTGATC-3') for human samples or an oligonucleotide based on the rat apo B cDNA sequence (annealing six nucleotides downstream from the Gin/stop codon) and designated 89PE (5'-TATCTCTAATATACTGATC-3') for rat samples. The probes were ^-end-labeled as described, 29 and filter hybridizations were performed at 37°C for 12 hours in 10 x saline-sodium citrate buffer (SSC) (20 x SSC is 3.0 M NaCl, 0.3 M sodium citrate, pH 7.0), salmon sperm DNA at 100 /ig/ml, 0.1% sodium dodecyl sulfate (SDS), and probe at 1x10* cpm/ml, followed by three 15-minute room-temperature washes and one 5-minute wash at 47°C in 2x SSC/0.1% SDS. The washed filters were exposed to Kodak XAR-5 film for 12-72 hours at room temperature.
Primer-Extension Analysis of Apolipoprotein B cDNA
The PCR products obtained from RNA amplification were eluted over a G-50 Sephadex column (Boehringer Mannheim Biochemicals, Indianapolis, Ind.), ethanol-precipitated, and resuspended in 10 /xl 10 mM Tris, 1 mM EDTA (pH 7.4). Primer extension was performed as described 30 with modifications. Three-microliter aliquots of sample were reacted with either 32 P-end-labeled human primer PE88 or rat primer PE89 in the presence of 57 mM Tris HC1 (pH 7.5), 28 mM MgCl* 71 mM NaCl, and water to a final volume of 7 tA. A blank sample containing water instead of RNA and a sample containing only Escherichia coli tRNA were carried throughout the entire procedure as controls. A third control was introduced for the primerextension analysis, consisting of primer (human 88PE and rat 89PE) only, excluding cDNA. The mixtures were heated at 95°C for 5 minutes, transferred to 70°C for 15 minutes, and then allowed to cool to 42°C. To each sample, 1.5 units modified T7 DNA poh/merase (US Biochemical Corp., Cleveland, Ohio) was added in the presence of 0.1 M dithiothreitol, 0.1 mM deoxycytidine 5'-triphosphate, 0.1 mM deoxyadenosine 5'-triphosphate, 0.1 mM deoxythymidine 5'-triphosphate, and 0.25 mM dideoxyguanosine 5'-triphosphate. The samples were incubated at 42°C for 10 minutes. The primer-extension reactions were terminated by the addition of 10 fil 95% formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol. Seven microliters of each sample was electrophoresed through a 17-5% poh/acrylamide/7 M urea gel in TBE. The dried gels were exposed to Kodak XAR-5 film for 1.5 hours at room temperature.
Results
Primer-Extension Assay
In a control experiment, plasmids containing a partial rabbit apo B-48 sequence or a partial rabbit apo B-100 sequence were mixed by varying the composition from 5% to 95% apo B-48. When these mixtures were analyzed by the PCR-primer-extension method, a correlation coefficient (r value) >0.95 was found between predicted and observed values (data not shown). To assess the species and tissue specificity of apo B RNA editing, we quantified the extent of editing occurring in both liver and intestine during rat fetal and neonatal development. Total RNAs were isolated from intestine and liver and amplified by the RT-PCR method using primers flanking the codon subject to editing. To eliminate possible genomic DNA contamination, the samples were sequentially incubated with DNase I and 5au3AI before amplification. First-strand cDNAs were synthesized using RT after annealing of RNAs to SO 173, an antisense 32-mer that hybridizes 91 bases downstream from the Gin/stop codon ( Figure 1A ). To assess potential genomic DNA contamination of the RNA preparation, first-strand cDNA synthesis was also attempted using SO172, a sense 31-mer that hybridizes 205 bases upstream from the Gin/stop codon (Figure 2A ). Subsequent amplification would have occurred only if genomic DNA or contaminating cDNA had been present during first-strand synthesis. PCR products of the predicted size, 297 base pairs (bp), were observed only in the samples in which first-strand synthesis was performed using the antisense primer SO173 (Figures IB and 2B ). Southern blot analysis using 32 P-labeled apo B oligonucleotide 89PE confirmed the absence of apo B product in the reactions using the sense primer SO 172 for first-strand synthesis ( Figure 2C ).
-G T T -A
The percentages of edited apo B transcripts in developing rat liver and intestine were assessed by primerextension analysis of the PCR-amplified apo B cDNA. Relative amounts of apo B-48 and apo B-100 cDNA were quantified directly on a Betagen Betascope 603 Blot Analyzer (Figures 3A and 3B ). The percentage of editing for each time point was determined by the observed cDNA ratio of apo B-48 (counts per minute) to total apo B (counts per minute). At the earliest time point examined, 14 days after conception, 8% of rat hepatic apo B transcripts were edited. As depicted in Figure 4 , RNA editing remained stable until the third neonatal week, when editing activity tripled and continued to remain elevated (approximately 30% apo B-48) at all subsequent time points analyzed. In contrast, rat intestinal apo B transcripts undergo minimal editing (1%) at 14 days after conception. However, by day 21 of gestation, 24 hours before birth, the rat intestine edits -80% of apo B transcripts; similar percentages of intestinal apo B transcripts are edited postnatally and through young adulthood (4 weeks after birth). 
. Developmental time course of apolipoprotein B (apoB) mRNA editing in rat liver (-+-) and intestine (---o---). Percentage of edited apo B transcripts assessed by primer-extension analysis of pofymerase chain reaction-amplified apoB cDNA is expressed as the ratio of apo B-48 (counts per minute) observed to total apo B (counts per minute). X axis demarcates time in days after conception. Birth occurs on day 22, and weaning commences on days 31-33.
Analysis of Human Small-Intestine Apolipoprotein B RNA
We determined the degree of RNA editing occurring in intestinal apo B transcripts during human fetal development and childhood. Total RNAs were isolated from small intestine and amplified by RT-PCR using primers flanking the region of the Gin/stop codon. To eliminate possible genomic DNA contamination, the samples were sequentially digested with DNase I and Sau3M before amplification as previously discussed. First-strand cDNAs were generated with RT after hybridization of RNAs to SO176, an antisense 34-mer that hydridizes 100 bases downstream from the edited codon. To assess potential genomic DNA contamination of the RNA preparation, first-strand cDNA synthesis was also performed using SO 175, a sense 34-mer that hybridizes 100 bases upstream from the edited codon; subsequent amplification by PCR would have been possible only if genomic DNA had been present for first-strand synthesis. Amplification of the first-strand cDNAs was carried out with Taq DNA polymerase and primers SO175 and SO176. PCR products of the predicted size, 234 bp, were observed only in the samples in which first-strand synthesis was performed using the antisense primer SO176. Southern blot analysis usinĝ P-labeled apo B oligonucleotide 88PE confirmed the absence of apo B cDNA in the reactions using the sense primer SO175 for first-strand synthesis.
The percentage of edited apo B transcripts in developing human intestine was assessed by primer-extension analysis of the PCR-amplified apo B cDNA. At the earliest time point examined, 10 weeks after conception, 10% of apo B transcripts were edited; there was a progressive increase in editing throughout the first and midsecond trimesters that peaked (at about 80%) in the 3-month-old neonate ( Figure 5 ).
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Discussion
The data presented in this study confirm that apo B gene expression is developmental^ regulated, as suggested in recent reports 31 -32 ; moreover, this study establishes that the ontogeny of apo B mRNA editing is modulated in a tissue-and species-specific manner. The rat intestine exhibits a dramatic increase in editing activity the day before birth, with the percentage of apo B-48 transcripts rising from 1% at 14 days' gestation to 80% by day 21. This finding is in accord with data that demonstrate a sharp increase in the amount of total apo B mRNA 25 and percentage of apo B-48 transcripts 31 on the last day of gestation and suggests a significant change in apo B gene expression during the final days of intrauterine life. A similar increase in intestinal apo B mRNA editing has been reported in the developing pig, where 1% of intestinal transcripts are edited at 40 days' gestation, contrasted with 95% in the neonate. 33 The exponential increase in apo B transcript editing and protein synthesis 31 precedes the neonatal dietary transition from placentally derived fatty acids and carbohydrates to ingested lipid-laden milk. Rat milk contains greater than 70% lipid, which is the major caloric source for the suckling rat. 34 From a teleological point of view, this order of events adapts the fetal gut to extrauterine life: the newborn rat intestine is immediately capable of forming apo B-48-containing chylomicrons to transport dietary fats in circulation. The developmental cues -neurological, hormonal, and geneticthat may govern the emergence of editing at day 21 remain to be elucidated. The late emergence of mRNA editing may simply reflect the relatively late maturation of the rat intestine: the 14-17-day-old rat intestine is lined by flattened stratified epithelium, and only near the time of birth on day 22 are villi found lining the entire length of the small intestine. 35 In contrast to the rat intestine, which acquires adultlevel apo B mRNA editing activity prenatally, the rat liver does so only during the third postnatal week, when hepatic apo B mRNA editing increases from 8-12% to -30%. Although liver organogenesis is histologically complete in utero, biosynthetic maturation is not achieved until postnatal days 25-30. 35 Among the many developmental changes occurring at this time, four events have been demonstrated to influence the onset and final end point of hepatic maturation: 1) weaning, 2) elevation of plasma free-thyroxine levels, 3) maturation of bile acid pool composition, and 4) elevation of plasma free-cortisol levels. 36 Previous studies have suggested potential roles of diet, 37 thyroid hormone status, 38 and bile acid flux 39 in the regulation of adult rat apo B gene expression. The role of these events in the control of liver-specific apo B gene expression and regulation of RNA editing is currently under investigation. These factors may account for the divergence between the amount of apo B mRNA editing in the young adult rat liver observed in our study (-30%) as contrasted with the study reported by Wu et al 31 (56%) of animals of the same strain and age.
Although both mature human and rat intestines generate primarily apo B-48 mRNA transcript and protein when intestinal ontogenesis is completed, the mature human liver produces only the full-length apo B-100 protein. 12 -13 In the human, the percentage of edited intestinal apo B transcripts encoding apo B-48 increases progressively from 10% at 10 weeks of gestation to nearly adult levels (80%) by the end of the second trimester. The human infant intestine at 3 months of age possesses fully mature editing capacity. The emergence of RNA editing activity occurs relatively early in the human intestine compared with the rat intestine, in which editing does not occur until just before birth. This species difference may reflect the disparate rates of intestinal ontogenesis. The human fetal small intestine before 7-8 weeks of age is covered with a multilayered stratified epithelium. By the eighth week, primitive villi have begun to form and vascularize in the duodenum and proximal jejunum. 40 Functional adrenergic receptors and innervation by Auerbach's plexus appear at 9 weeks. 39 Primitive crypts appear at 10-12 weeks, followed by lymphopoiesis at 15 weeks of gestation. 39 Amniotic fluid, continually swallowed by the human fetus as early as 16 weeks of gestation, contains a significant quantity of lipid.
39
- 41 Biliary lipid secretion occurs as early as 22 weeks. 39 Our data suggest that by the middle of the second trimester, the human fetal intestine has attained the ability to edit apo B transcripts and potentially synthesize the major apolipoprotein constituent of chylomicrons, apo B-48. The human fetal requirements for lipid absorption by the intestine in utero, however, are not yet known. The early emergence of RNA editing in apo B-48 protein synthesis in the human fetus may imply an important role for apo B-48 in prenatal lipid metabolism.
In summary, the combined results presented in this report establish that apo B mRNA editing is developmentally regulated in a tissue-and species-specific manner; apo B mRNA editing is: 1) primarily developed postnatally in the rat liver during a critical period of nutritional and hormonal changes, which may exert a regulatory role; 2) fully developed in utero in the intestine of both humans and rats, suggesting an essential role for apo B-48 protein synthesis in mammalian fetal adaptation to extrauterine life; and 3) acquired early in the human fetal intestine, implying a potential role for apo B-48 in prenatal lipid metabolism.
